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ABSTRACT 

A r a d i a n t  h e a t  t r a n s f e r  computer program has been developed t o  c a l -  
c u l a t e  r a d i a t i o n  from inhomogeneous gases  p reva len t  i n  r o c k e t  exhaust 
plumes from c l u s t e r e d  engines .  The i n f r a r e d  s p e c t r a l  a b s o r p t i o n  charac- 
t e r i s t i c s  of t he  r a d i a t i n g  spec ie s  considered i n  t h i s  computer program - 
water vapor ,  carbon d iox ide ,  carbon monoxide and carbon p a r t i c l e s  - have 
been determined. Band model parameters have been used t o  r e p r e s e n t  the 
i n f r a r e d  s p e c t r a l  a b s o r p t i o n  c o e f f i c i e n t s  over 25 cm'l increments.  
modified Curtis-Godson approximation, used i n  the  inhomogeneous h e a t  
t r a n s f e r  c a l c u l a t i o n ,  has been shown t o  g i v e  s a t i s f a c t o r y  r e s u l t s  over 
t h e  temperature and p res su re  range of i n t e r e s t  i n  Sa tu rn  exhaust plumes. 
Resu l t s  a r e  shown f o r  the Saturn- type engines f o r  spec i f i ' c  f?cv  f i e l d  
assumptions.  Some comparison wi th  experimental  s p e c t r o s c o p i c  data w i l l  
a l s o  be presented.  The e f f e c t s  of wavelength increment,  f i e l d  of view, 
and d i s t a n c e  increment a long the  l i n e  of s i g h t  on the  h e a t  t r a n s f e r ,  as 
w e l l  as the  computer techniques for  minimum computer time i n  c a l c u l a t i n g  
r a d i a t i o n  from a three-dimensional f low f i e l d ,  ' a r e  d i scussed .  
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TECHNICAL MEMORANDUM X-53630 

INHOMOGENEOUS RADIANT HEAT TRANSFER FRON SATUR?? ROCKET EXHAUST E’LLTvIES 

SUMMARY 

A r a d i a n t  h e a t  t r a n s f e r  computer program has been developed t o  c a l -  
c u l a t e  r a d i a t i o n  from inhomogeneous gases  p r e v a l e n t  i n  r o c k e t  exhaust 
plumes from c l u s t e r e d  engines.  The i n f r a r e d  s p e c t r a l  a b s o r p t i o n  charac- 
t e r i s t i c s  of t he  r a d i a t i n g  species  considered i n  t h i s  computer program - 
water  vapor ,  carbon d iox ide ,  carbon monoxide and carbon p a r t i c l e s  - have 
been determined. Band model parameters have been used t o  r e p r e s e n t  t he  
i n f r a r e d  s p e c t r a l  abso rp t ion  c o e f f i c i e n t s  over 25 cm-l increments.  A 
modified Curtis-Godson approximation, used i n  the  inhomogeneous h e a t  
t r a n s f e r  c a l c u l a t i o n ,  has been shown t o  g i v e  s a t i s f a c t o r y  r e s u l t s  over 
t he  temperature and p res su re  range of i n t e r e s t  i n  Saturn exhaust plumes, 
Resu l t s  a r e  shown f o r  the Saturn- type engines f o r  s p e c i f i c  flow f i e l d  
assumptions.  Some comparison with experimental  s p e c t r o s c o p i c  d a t a  w i l l  
a l s o  be p re sen ted .  The e f f e c t s  of wavelength increment,  f i e l d  of view, 
and d i s t a n c e  increment a long  t h e  l i n e  of s i g h t  on the  h e a t  t r a n s f e r ,  as 
w e l l  as the computer techniques f o r  minimum computer time i n  c a l c u l a t i n g  
r a d i a t i o n  from a three-dimensional flow f i e l d ,  a r e  d i scussed .  

I. INTRODUCTION 

Heat t r a n s f e r  t o  the base of a launch v e h i c l e  can occur i n  two 
ways: by convection and r a d i a t i o n .  Both of t h e s e  modes a r e  important 
e s p e c i a l l y  on l a r g e  v e h i c l e s  which burn RP-1 (kerosene) and oxygen and 
on v e h i c l e s  which burn hydrogen and oxygen. There is  c u r r e n t l y  no com- 
p l e t e l y  s a t i s f a c t o r y  technique of c a l c u l a t i n g  base hea t ing  f o r  a given 
engine a r r a y  a t  va r ious  a l t i t u d e s  and v e h i c l e  v e l o c i t i e s .  Therefore ,  
both a b e t t e r  means of measuring hea t  t r a n s f e r  t o  t h e  base r eg ion  of 
v e h i c l e s  a c t u a l l y  under t e s t  and a more r igo rous  and r e l i a b l e  means of 
p r e d i c t i n g  h e a t  t r a n s f e r  t o  veh ic l e s  be fo re  t e s t i n g  a r e  r e q u i r e d .  

Convection t o  the  base region depends upon t h e  p r o p e r t i e s  of t he  
gas flow c l o s e  t o  the s u r f a c e  being hea ted .  For t h i s  type of h e a t i n g ,  
simple models of the flow, together  w i t h  boundary l a y e r  c o r r e l a t i o n s  
f o r  the h e a t  t r a n s f e r  c o e f f i c i e n t ,  have been used i n  the p a s t  t o  a r r i v e  
a t  l o c a l  h e a t i n g  r a t e s  on t h e  h e a t  s h i e l d ,  Rad ia t ion ,  on the  o t h e r  
hand, i s  s e n s i t i v e  t o  the  e n t i r e  flow f i e l d .  P r e d i c t i o n s  have been 
made e i t h e r  by r ep resen t ing  the  exhaust plume as a s u r f a c e  w i t h  a given 
e m i s s i v i t y ,  temperature,  and conf igu ra t ion ,  o r  by assuming a simple 



geomet r i ca l  conf igu ra t ion  f o r  t h e  h o t  g a s ,  which is presumed t o  be uni-  
form, and i n t e g r a t i n g  the  equat ion o f  t r a n s f e r  w i t h  a s i m p l i f i e d  
a b s o r p t i o n  c o e f f i c i e n t .  

The exhaust plume from a mul t ip l e -eng ine  c o n f i g u r a t i o n  l i k e  the  
Sa tu rn  V i s  an extremely complex gas-dynamical s t r u c t u r e .  The exhaust  
j e t s  from the c l u s t e r e d  engines i n t e r a c t  w i t h  the  atmosphere,  and wi th  
each o t h e r ,  through an  i n t r i c a t e  s e r i e s  of shock waves and t u r b u l e n t -  
mixing l a y e r s  ( f i g u r e  1 ) .  A t  t h e  h ighe r  a l t i t u d e s ,  on a multi-engined 
v e h i c l e ,  t h e  high-temperature,  high-pressure c o l l i s i o n  zones between t h e  
engines can be a s t r o n g  source of r a d i a t i o n  ( f i g u r e s  2 and 3 ) .  Wherever 
the exhaust  m a t e r i a l  t h a t  flows back i n t o  the  base r eg ion  mixes w i t h  
the atmosphere, burning w i l l  occur;  a t  low a l t i t u d e ,  t h i s  burning i s  
s u b s t a n t i a l .  With such a complicated flow f i e l d  c o n t r o l l i n g  the  h e a t  
t r a n s f e r  t o  a base r e g i o n ,  i t  is  no t  s u r p r i s i n g  t h a t  s imple models of 
t h e  h e a t  t r a n s f e r  m u s t  be t i e d  s t r o n g l y  t o  empi r i ca l  data.  

Helpful d i scuss ions  wi th  M r .  Werner K. D a h  on the  r a d i a t i v e  h e a t  
t r a n s f e r  problem and i n  the  program d e f i n i t i o n  a r e  g r e a t l y  a p p r e c i a t e d .  
The cooperat ion of M r .  Robert Yossa, M r .  John Reardon and M r .  Marcus 
Dash i s  g r a t e f u l l y  acknowledged, and a s s i s t a n c e  of M r .  Addison McGarrety 
i n  performing the computer programming is  g r e a t l y  a p p r e c i a t e d .  

11. OUTLINE OF THE RADIATION PROGRAM 

I n  a n  e f f o r t  t o  l e a r n  more about  the base h e a t i n g  problem and t o  
provide both mathematical  techniques and va lues  of parameters r equ i r ed  
f o r  s o l u t i o n  of t h e  problem, a number of s t u d i e s  have been made both 
under c o n t r a c t  and in-house a t  t h e  Marshal l  Space F l i g h t  Center .  These 
s t u d i e s  include t h e  following: 

(1) Determination of a c c u r a t e  flow f i e l d s ,  i . e . ,  the  tempera- 
t u r e ,  p re s su re  and concen t r a t ion  f i e l d  of t he  exhaust plumes f o r  s i n g l e  
and m u l t i p l e  r o c k e t  engines .  

( 2 )  Accurate a b s o r p t i o n  c o e f f i c i e n t  da ta  f o r  t h e  r a d i a t i n g  
s p e c i e s .  This involves  the  de t e rmina t ion  of t h e  band model parameters 
f o r  t he  r a d i a t i n g  s p e c i e s  f o r  t he  temperatures ,  p re s su res  and concentra-  
t i o n  typ ica l  of Sa tu rn  V exhaust plumes. Water vapor ,  carbon d iox ide ,  
and s o l i d  carbon p a r t i c l e s  ( s o o t )  a r e  the  p r i n c i p a l  r a d i a t o r s  i n  the  
f i r s t - s t a g e  plumes.  Water vapor i s  the only r a d i a t o r  of importance i n  
the  plumes of the hydrogen-fueled s t a g e s .  Extensive experimental  and 
t h e o r e t i c a l  s t u d i e s  of t he  emission of C 0 2  under va r ious  cond i t ions  have 
been made, and the  p r o p e r t i e s  of t h i s  molecule a r e  w e l l  understood. 
Much l e s s  i s  known about  H20. 
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(3 )  ~ i i  exhailst plume r a d i a t i o n  c a l c u l a t i o n  program f o r  
inhomogeneous gases .  

( 4 )  Comparisons of ca l cu la t ed  va lues  wi th  f u l l  s c a l e  radia- 
t i o n  d a t a .  

111. MSFC PLUME FLOW FIELD PROGRAM 

For f i r s t  s t a g e  v e h i c l e s ,  the hea t ing  environment i s  determined 
from t o t a l  and s p e c t r a l  r a d i a t i o n  measurements i n  s i n g l e  engine exhaust 
plumes, and an empi r i ca l  model developed, using a t o t a l  e m i s s i v i t y  i n  
conjunct ion wi th  a form f a c t o r  program t o  c a l c u l a t e  the r a d i a t i o n  t o  the 
base.  Because of the con t r ibu t ion  of t he  a f t e r b u r n i n g  l a y e r s ,  t h i s  c a l -  
cu la t ed  hea t  f l u x  is  a t  a maximum a t  sea  l e v e l .  This maximum va lue  is 
used i n  the  design of the h e a t  s h i e l d ,  The plume r a d i a t i o n  decreases  as 
a l t i t u d e  i n c r e a s e s ,  and the plume sp reads ,  thus becoming cooler  and l e s s  
dense.  

The upper s t a g e s  of t he  Saturn V a r e  powered by LH2-LOX eng ines ,  
t he  Rocketdyne 200,000 l b  t h r u s t  5-2. The S - I 1  s t a g e  has a c l u s t e r  of 
f i v e  J-z's, while  the S-IVB has only one 5-2. The r a d i a t i o n  from the  
f i r s t  s t a g e  engines i s  p r i n c i p a l l y  carbon, and is t h e r e f o r e  continuum 
r a d i a t i o n ;  b u t  t h e  p r i n c i p a l  r a d i a t o r  i n  the  upper s t a g e s  is  water vapor ,  
w i t h  a band spectrum. The f i r s t  s t a g e  design information obtained from 
experimental  d a t a  on s i n g l e  engines is a r e l a t i v e l y  simple problem, b u t  
the design information on the upper s t a g e s  mus t  be e n t i r e l y  t h e o r e t i c a l  
s i n c e  s c a l i n g  l a w s  f o r  model engine da ta  a r e  not  y e t  known. 

The chemistry of the LH,-LOX plume can be descr ibed i f  t he  appro- 
p r i a t e  thermodynamic p r o p e r t i e s  and v e l o c i t y  can be solved s imultaneously.  
The plume flow p r o p e r t i e s  of t he  s i n g l e  engine on the  S-IVB s t a g e  can be 
p red ic t ed  w i t h  an  axisymmetric me thod-o f -cha rac t e r i s t i c s  program. To 
o b t a i n  flow p r o p e r t i e s  i n  the  i n t e r s e c t i n g  plume reg ion  of t h e  S - I 1  s t a g e ,  
a three-dimensional program is needed. The gas plume i n  the i n t e r s e c t i o n  
r eg ion  r a d i a t e s  h e a t  much more s t r o n g l y  than the  undisturbed plume s ince 
t h e  gas i n  the  i n t e r s e c t i o n  region has crossed a shock wave, causing i t s  
temperature and p res su re  t o  r i s e .  There a r e  p r e s e n t l y  two e f f o r t s  being 
funded which w i l l  r e s u l t  i n  programs t o  p r e d i c t  t h e  flow i n  the plumes 
and i n t e r s e c t i o n  r eg ion  of t he  S-11. One s t u d y  uses a three-dimensional 
method-of-character is  t ics  scheme. This scheme has t h e  disadvantage of 
n o t  being a b l e  t o  handle the  imbedded subsonic  regions which sometimes 
occur i n  the  c o l l i s i o n  zones [ 2 ] .  The o the r  s t u d y  uses a f i n i t e  d i f -  
f e r ence  technique [4], which should be a b l e  t o  handle both subsonic  
and supe r son ic  flow. 
being done is  r e s t r i c t e d  t o  i n v i s c i d ,  non- reac t ing ,  cons t an t  gamma flows. 

A l l  of t he  three-dimensional flow f i e l d  work now 
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Equil ibr ium flow c a p a b i l i t y  may be added l a t e r .  The f r e e  s h e a r  l a y e r  i s  
being neglected i n  t h e  computation of r a d i a t i o n  from t h e  5-2  plumes .  

The plume flow f i e l d  work now being done by MSFC is summarized below, 
The items marked wi th  a s t e r i s k s  a r e  a c t u a l l y  being used t o  f u r n i s h  i n p u t  
t o  the r a d i a t i o n  program; the o t h e r  items should r e s u l t  i n  a b e t t e r  under- 
s t and ing  of plume flow phenomena and w i l l  be  used i n  o t h e r  s t u d i e s .  

A .  Single  Nozzle 

1. I n v i s c i d  Core 

+:a. Axisymmetric method-of -charac t e r  is  t i c s  w i t h  e i t h e r  
i d e a l  gas or equ i l ib r ium.  

b. One-dimensional gas-dynamic flow w i t h  e q u i l i b r i u m  o r  
f i n i t e  r a t e  chemistry f o r  H2-02 systems. 

2 .  Nozzle boundary l a y e r  w i t h  mass i n j e c t i o n  and e i t h e r  i d e a l  
gas o r  e q u i l  i b r  i u m  chemis t r y .  

3 .  Turbulent f r ee - shea r  l a y e r  w i th  equ i l ib r ium chemistry f o r  
almost any g a s ,  b u t  f i n i t e  r a t e  chemistry f o r  H2-02 systems. 

4 .  Mul t ip l e  shock program. 

5 .  Viscous f a r  wake. 

B .  Clustered Nozzles 

$ e l .  I n v i s  c id  three-d imens i o n a l  me thod-of - charac t e r  is  t i c s  w i t h  
i d e a l  gas [ 2 ] .  

+:2. I n v i s c i d  numerical f i n i t e  d i f f e r e n c e  scheme wi th  i d e a l  gas .  

IV. BAND MODELS 

I f ,  i n  a s p e c i f i c  wavelength r eg ion ,  t he  physical  s t a t e  of a n  
absorbing or emi t t i ng  gas is  known, as w e l l  as t h e  l o c a t i o n s ,  i n t e n s i t i e s ,  
and shape's of the l i n e s ,  i t  is  p o s s i b l e  t o  c a l c u l a t e  t he  r a d i a t i o n  emit ted 
by a s p e c i f i c  sample of the g a s .  However, f o r  t he  gases  of i n t e r e s t  i n  
Saturn-type exhaust plumes, t he  a b s o r p t i o n  c o e f f i c i e n t  v a r i e s  extremely 
r a p i d l y  with wavelength. Consequently, an  exac t  c a l c u l a t i o n  of the 
r a d i a n t  hea t  t r a n s f e r  would be a formidable t a s k  even w i t h  modern 
computers. By using band models, i t  i s  p o s s i b l e  t o  r e p l a c e  t h i s  d e t a i l e d  
c a l c u l a t i o n  over frequency by an  average over s e l e c t e d  frequency i n t e r v a l s .  
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Another o b j e c t i v e  of the u s e  of a band model concept i s  t o  permit the 
in t e rchange ,  i n  the  h e a t  t r a n s f e r  equa t ion ,  of t he  o rde r  of i n t e g r a t i o n  
over s p a t i a l  and frequency v a r i a b l e s .  Band models may be s a i d  t o  have 
t h e i r  o r ig i r !  i n  the theory advanced by E l s a s s e r  i n  1938. For band 
models, i n  g e n e r a l ,  one begins by consider ing the  equ iva len t  width of 
a s i n g l e  l i n e ,  def ined by 

w =[*a;, 

where A is t h e  absorptance.  Assuming t h e  Lorentz l i n e  shape,  we have 
f o r  the absorptance of a mass of g a s ,  U, cm-2 (= P1) 

A = 1 - exp[-K(;)U] , (2) 

where 

S i s  the s p e c t r a l  l i n e  i n t e n s i t y  def ined by 

03 

S = f K( 'v)  d'v, 

0 

( 4 )  

and y is  the  width of t he  l i n e  a t  half-maximum i n t e n s i t y .  
over a l l  f r equenc ie s  g ives  

I n t e g r a t i n g  

where Io(X) and I , (X) a r e  pure imaginary Bessel  func t ions  and X = S u / 2 ~ y .  
The importance of t he  Ladenburg-Reiche s o l u t i o n  - i . e . ,  W = 25(yf(X) where 
f(X) = Xe-x[Io(X) + I1(X)] - i s  t h a t  t he  absorptance determined from the  
s t a t i s t i c a l  band model can be expressed i n  terms of the c h a r a c t e r i s t i c s  
of a s i n g l e  l i n e .  Also,  any curve of growth ( t h a t  i s ,  a graph of W versus 
U )  m u s t  have the  shape of t h i s  func t ion .  By a p p r o p r i a t e  a p p l i c a t i o n  of 
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t he  experimental  d a t a  and the  t h e o r e t i c a l  curve of growth, t h e  param- 
e t e r s  S/d and yld can be determined f o r  a given p r e s s u r e  and p a t h  
1 eng t h  . 

Two use fu l  models a r e  the  E l s a s s e r  and t h e  random models. The 
l a t t e r  w a s  proposed by Mayer [51  and by Goody [ 6 ] .  Sometimes t h e  random 
E l s a s s e r  model is used, b u t  t h i s  has been shown t o  reduce,  u l t i m a t e l y ,  
t o  t he  random s t a t i s t i c a l  model. 

A .  The E l s a s s e r  Model 

The E l s a s s e r  model assumes an  i n f i n i t e  a r r a y  of e q u a l l y  spaced,  
e q u a l l y  in t ense  l i n e s ,  a l l  of which have the  Lorentz  shape. Since the 
a r r a y  is i n f i n i t e  i n  e x t e n t ,  any l i n e  cen te r  vo can be chosen as t h e  
cen te r  of the complete a r r a y .  Thus ,  a t  a frequency v ,  t he  a b s o r p t i o n  
from a s i n g l e  l i n e  is  

- - ( S I K )  y , ..., Kvn ( S / f i >  y , K v ~  = K v ~  = 9 
( S / K )  y 

( V  - l d ) 2  + y2 ( V  - 2d)' + y2 ( V  - nd)2 + y2 

and the  abso rp t ion  a t  frequency v from a l l  t h e  l i n e s  is then 

n=m 
( S l f i )  y 

K v =  n=-m 1 ( V  - nd)2 + y2  

I f  w e  w r i t e  W = i d ,  s i n c e  the  absorptance over any p o r t i o n  of 
the  band is  the  same as t he  a b s o r p t i o n  over a l i n e ,  t he  formula 

- 
A = 1 - exp(-KvU), 

when i n t e g r a t e d  over d v ,  y i e l d s  

(7) 
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where Z = nv /d ,  and = 2fiyld. Two l i m i t i n g  cases  of t h i s  i n t e g r a l  a r e ,  
i n  t h e  weak-line approximation, 

and,  i n  the  s t r o n g - l i n e  approximation, 

i ( v )  = f(ficy SU/d2), 

where the  right-hand s i d e  takes  the form of an  e r r o r  func t ion .  

B .  S t a t i s t i c a l  Model 

The s t a t i s t i c a l  model f o r  a band assumes t h a t  the p o s i t i o n s  of 
t h e  l i n e s  occur randomly and t h a t  t he  i n t e n s i t i e s  of t he  l i n e s  i n  t h e  
band can be r ep resen ted  by some p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n .  The 
s p e c t r a l  t r ansmi t t ance ,  7, i s . w r i t t e n  i n  t h e  form of Bee r ' s  l a w ,  and an  
average t r ansmi t t ance  i s  w r i t t e n  as  

00 00 

Av, Avi 0 0 

The argument of t he  exponent ia l  func t ion  con ta ins  t h e  i n t e g r a t e d  i n t e n s -  
i t y  of a s i n g l e  l i n e  whose c e n t e r  frequency is s i t u a t e d  a t  vi. I n  terms 
of  t h e  absorptance,  t h i s  expression reduces t o  

B u t ,  s i n c e  

W " 

(9) 
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is the  average va lue  of t he  e q u i v a l e n t  width f o r  a s i n g l e  l i n e ,  t h e  
absorptance is 

i ( V )  = 1 - e x p [ - i / d ] ,  (10) 

where W/d as a f u n c t i o n  of p re s su re  and pa th  l e n g t h  can be determined 
from a curve of growth a t  a p a r t i c u l a r  temperature and over t he  p a r t i c u l a r  
wave number i n t e r v a l .  Curves of growth, W/d ve r sus  U ,  cons t ruc t ed  firom 
v a r i o u s  p r o b a b i l i t y  i n t e n s i t y  d i s t r i b u t i o n  func t ions  P(S)  a r e  shown i n  
f i g u r e  4 ,  and the corresponding absorptances a r e  shown i n  t a b l e  11. From 
f i g u r e  4 ,  the maximum d i f f e r e n c e  of w/d f o r  t h e  curves of growth using a 
d e l t a ,  exponent ia l  and a 1 / S  p r o b a b i l i t y  i n t e n s i t y  d i s t r i b u t i o n  f u n c t i o n  
i s  approximately 25 pe rcen t .  

V. THE MODIFIED CURTIS-GODSON APPROXIMATION 

To c a l c u l a t e  the r a d i a n t  h e a t i n g  from r o c k e t  exhaust plumes, we 
m u s t  know the s p e c t r a l  t r ansmi t t ances  of t he  exhaust plume r a d i a t i n g  
gases .  Since exhaust plumes a r e  s t r o n g l y  inhomogeneous, we m u s t  d e t e r -  
mine the  s p e c t r a l  t r ansmi t t ances  of inhomogeneous gases i n  order  t o  
develop a c a l c u l a t i o n  method. Under MSFC c o n t r a c t ,  a gene ra l  method 
has now been developed t o  c a l c u l a t e  s p e c t r a l  t r ansmi t t ances  of inhomo- 
geneous gases from the p r o p e r t i e s  of homogeneous g a s e s .  Thus, any 
s p e c t r a l  t r ansmi t t ance  f o r  a p a r t i c u l a r  inhomogeneous gas pa th  can be 
c a l c u l a t e d  by p rope r ly  combining known data on gases  a t  cons t an t  tem- 
p e r a t u r e ,  p re s su re ,  and concen t r a t ion  [ 7 ] .  

The method developed is  based p r i n c i p a l l y  on two s p e c i a l  s p e c t r o -  
s cop ic  concepts:  the molecular band model and the  Curtis-Godson approxi-  
mation. The band model y i e l d s  an  e x p l i c i t  c losed formula f o r  t he  
molecular r a d i a t i o n  w i t h i n  each s e l e c t e d  s p e c t r a l  r eg ion  of i n t e r e s t ,  
which uses as input  d a t a  the  averaged l i n e  s t r e n g t h ,  t he  averaged l i n e  
spac ing ,  and the  averaged l i n e  half-width.  An average of 25 wave numbers 
i s  considered s u f f i c i e n t .  The use of a band model is c r i t i c a l l y  impor- 
t a n t  f o r  p r a c t i c a l  c a l c u l a t i o n s  of gas r a d i a t i o n .  The Curtis-Godson 
approximation i s  a method of combining the  parameters t h a t  appear i n  t h e  
band model formulae i n  such a way t h a t  the parameters needed f o r  a n  
inhomogeneous gas c a l c u l a t i o n  a r e  obtained s o l e l y  from homogeneous gas 
da ta .  This is  a c r i t i c a l  f a c t o r  because t h e  necessa ry  parameters need 
be ca l cu la t ed  o r  measured i n  the l a b o r a t o r y  only f o r  uniform gas samples. 
Without t h e  Curtis-Godson o r  some equa l ly  good approximation, we would 
have t o  t r e a t  each inhomogeneous gas path as a s p e c i a l  case.  The band 
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model used was the random model with equal l i n e  i n t e n s i t i e s  and equai 
l i n e  widths .  I n  terms of the s p e c t r a l  t r ansmi t t ance ,  T ,  a t  wave 
number, 5 ,  

where 

Since t h e  Curtis-Godson method i s  based on t h e  premise t h a t  one can 
s u b s t i t u t e  a hypo the t i ca l  homogeneous pa th  f o r  a n  inhomogeneous pa th ,  
t h i s  h y p o t h e t i c a l  pa th  w i l l  have the  same s p e c t r a l  t r ansmi t t ance  as an  
inhomogeneous path i f  the parameters ( y l d ) '  and X' as def ined below a r e  
used i n  t h e  band model formulae for  the t r ansmi t t ance  of a homogeneous 
g a s .  

I f  an inhomogeneous gas has a t r ansmi t t ance  of z', then some 
h y p o t h e t i c a l  homogeneous sample has the  same t r ansmi t t ance  i f  i t  has 
c e r t a i n  va lues  of (y /d) '  and X' . The Curtis-Godson approximation g ives  
u s  

S' 
d 

i i 

and 

2 

i i 

which d e f i n e  the  band model parameters of t h i s  p a r t i c u l a r  homogeneous 
sample. 
of t h e  i n d i v i d u a l  zones comprising the  inhomogeneous pa th  being s t u d i e d ;  
t h e s e  zones a r e  l abe led  wi th  the s u b s c r i p t  h .  

The d e f i n i t i o n  is  given i n  terms of t he  band model parameters 
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(y /d) '  i s  obtained by d i v i d i n g  equat ion (14) by equa t ion  (13). 
X' can then be determined by d i v i d i n g  equa t ion  (13) by 2n (y ' / d ) :  

c 

S u b s t i t u t i n g  these values  of (y /d )k ,  X l  i n t o  equat ion (11) y i e l d s  an  
expres s ion  for  the t r ansmi t t ance  of the inhomogeneous path i n  terms of 
zonal t ransmit tances  and zonal X ' s .  

General ly ,  t ransmit tances  c a l c u l a t e d  wi th  equa t ion  (17) a r e  not  ve ry  
s e n s i t i v e  t o  e r r o r s  i n  Xi. 
of X i ,  t he  accuracy w i t h  which 2' can be c a l c u l a t e d  is  l i m i t e d  by t h e  
accuracy of t h e  t r ansmi t t ance  measurements and the s u i t a b i l i t y  of t he  
theory.  This i s  p a r t i c u l a r l y  t r u e  i n  the  high and low X regions where 
equat ion (17) reduces t o  a form i n  which 2' is  independent of X i .  Thus, 
i f  a l l  t h e  X va lues  a r e  low ( l e s s  than 0.2),  f(X) = X, and equat ion (17) 
reduces t o  

Therefore ,  w i t h  moderately a c c u r a t e  va lues  
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I f  a l l  t he  X i ' s  a r e  high ( g r e a t e r  than 2 . 0 ) ,  and f(X) = (2X/n)1/2, 
equa t ion  (17)  reduces t o  

Equation (17) ,  t he  gene ra l  expression,  can be used f o r  any X v a l u e s .  
Equations (18) and (19) a r e  good i n  the low and h igh  X r e g i o n s ,  r e spec -  
t i v e l y .  Experiments were c a r r i e d  o u t  t o  t e s t  the Curtis-Godson theory 
f o r  temperatures and p res su res  t y p i c a l  of r o c k e t  exhaust plumes. Band 
model parameters were measured for  isothermal  gases  a t  va r ious  tempera- 
t u r e s ,  t he  r e s u l t s  were used t o  p red ic t  t r ansmi t t ances  of known inhomo- 
geneous p a t h s ,  and the  inhomogeneous pa th  t r ansmi t t ances  were compared 
t o  the t h e o r e t i c a l  p r e d i c t i o n .  Using a furnace-gas c e l l  arrangement,  
numerous t r ansmi t t ances  of water vapor inhomogeneous paths  were measured 
and compared t o  t r ansmi t t ances  ca l cu la t ed  by the  Curtis-Godson combina- 
t i o n  method i n  conjunct ion w i t h  the s t a t i s t i c a l  band model. The r e s u l t s  
a r e  shown i n  Tables 111, I V ,  V, V I ,  and V I I .  

V I .  DETERMINATION OF THE BAND MODEL PARAMETERS 

Progress i n  the determinat ion of t he  band model parameters and 
a b s o r p t i o n  c h a r a c t e r i s t i c s  f o r  the r a d i a t i n g  s p e c i e s  i n  the Saturn- type 
exhaust  plumes, H20, C02, CO and carbon p a r t i c l e s  i s  descr ibed as 
f 01 1 ows : 

From the band model formulae, one can s e e  t h a t  i f  va lues  of 
S / d  (T, 
tance can be c a l c u l a t e d  f o r  any PR. For thin-gas  s p e c t r a  where 
(SU/d)/(4y/d) << 1, S / d  can be determined d i r e c t l y .  

and YId (T, V ,  Pfore ign  gas ) can be determined, then the  absorp- 

A g r e a t  many water  
vapor s p e c t r a  over the wavelength range from 1 t o  22p,, which have been 
published i n  r e c e n t  y e a r s ,  cover the temperature range from 300°K t o  
2700°K. The o p t i c a l  depths range between 0 . 2  and 100 cm-atm, and t o t a l  
p re s su res  between 50 mm Hg and 10 atm. I f  s u f f i c i e n t  thin-gas  s p e c t r a  
a t  a l l  temperatures were a v a i l a b l e ,  a s e t  of S / d  (T,;) va lues  could be 
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der ived  d i r e c t l y .  To o b t a i n  's/d (T,;) va lues  from measured s p e c t r a  i n  
which the  gas was no t  t h i n ,  t he  f u n c t i o n a l  r e l a t i o n s h i p  between emissiv-  
i t y  and o p t i c a l  depth m u s t  be known. The curve of growth given by the 
s t a t i s t i c a l  band model has been used t o  determine the mean s p e c t r a l  
a b s o r p t i o n  c o e f f i c i e n t s  from t h i n  and non-thin s p e c t r a  by a d j u s t i n g  the  
f i n e  s t r u c t u r e  term i n  such a way t h a t  t he  i n t e g r a l  of t he  a b s o r p t i o n  
c o e f f i c i e n t s  over a given v i b r a t i o n  r o t a t i o n  band r e s u l t s  i n  the  known 
va lue  of t h e  band i n t e n s i t y .  Their va lues  have been t a b u l a t e d  i n  r e f e r -  
ence 3 .  I n  gene ra l ,  the  mean d e v i a t i o n  of t he  :Id (T,;) v a l u e s  i s  w i t h i n  
+20 pe rcen t  ( f i g u r e s  5 and 6 ) .  

The average l i n e  spacing v a l u e s ,  d (T) ,  obtained from the 
va lue  of yld (T,?)  using the expres s ion  

- 0  

where 

and 

and where C is the mole f r a c t i o n  of water vapor.  
0.5 cm'l a t m ' l  and 'a' = 0.1. 

The v a l u e  of 7' i s  
H 2 0  

These r e s u l t s  a r e  shown i n  f i g u r e  7 a long w i t h  the r e s u l t s  
of s e v e r a l  other  i n v e s t i g a t o r s .  The s t r a i g h t  l i n e ,  a l e a s t  squares  f i t ,  
i s  given by 

d ( T )  = exp[-.00106T + 1 . 2 1 1 .  (21) 
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These expressions f o r  S/'d and T j d  were compared wi th  the d a t a  of Simmons, 
Arnold and Smith [181. (The results a r e  shown i n  f i g u r e  8 . )  The above 
mentioned va lues  of :Id (T,;) and ? I d  (T,Pforeign gas) a r e  now being 
used  i n  t h e  r a d i a t i v e  h e a t  t r a n s f e r  computer program. The va lues  of 
T/d f o r  H& now i n  use do not  take i n t o  account the wave number depend- 
ence. 
of t he  curves of growth [15] ,  long p a t h  l e n g t h  measurements a r e  r e q u i r e d .  
Consequently, a long burner program w a s  i n i t i a t e d  t o  determine t h e  neces- 
s a r y  curves of growth. The design and f a b r i c a t i o n  of t h i s  burner  have 
been completed under MSFC c o n t r a c t  [ 3 ] .  Measurements now i n  progress  
should be completed by November 1966. 
provides  a homogeneous s t a b l e  d i f f u s i o n - c o n t r o l l e d  flame 2 inches wide 
and up t o  30 f e e t  long. Measurements w i l l  be made a t  p re s su res  from .1 
t o  2 aim. w i t h  temperatures from 1300°K t o  3000°K. 

Since the  ?Id values  a r e  determined from the asymptot ic  r eg ions  

The long burner shown i n  f i g u r e  9 

2 .  c02, co 

The e m i s s i v i t y  of these gases  a t  high temperatures has been 
t h e o r e t i c a l l y  c a l c u l a t e d  by Malkmus [9,10]  and by Thomson [ l l ] .  For C 0 2 ,  
many of t h e s e  t h e o r e t i c a l  r e s u l t s  have been v e r i f i e d  by experiment [ 1 2 ,  
131. These c a l c u l a t i o n s ,  which a r e  be l i eved  t o  s u f f i c i e n t l y  r e p r e s e n t  
t h e  s p e c t r a l  p r o p e r t i e s  of CO and C 0 2 ,  have been descr ibed i n  d e t a i l  i n  
t he  o r i g i n a l  papers and a r e  tabulated i n  r e f e r e n c e  3. For CO, t h e  c a l -  
cu la t ed  v a l u e s  of (S/d)STp f o r  the 4.61-1 fundamental band a r e  t abu la t ed  
a l s o  i n  r e f e r e n c e  3 .  For C02 ,  the va lues  

and 

f o r  t h e  4 . 3 ~  fundamental band and t h e  2.71-1 overtone band have a l s o  been 
t a b u l a t e d ,  as a f u n c t i o n  of temperature and wave number. The agreement 
between the  t h e o r e t i c a l  c a l c u l a t i o n s  of Malkmus and the  experimental  
d a t a  of Oppenheim and Ben-Aryeh is reviewed i n  f i g u r e  10. 

3. Carbon P a r t i c l e s  

For LOX-RP engines ,  the dominant r a d i a t i n g  c o n s t i t u e n t  of 
t h e  exhaust plume is  carbon p a r t i c l e s .  For a h e a t  t r a n s f e r  c a l c u l a t i o n ,  
i t  was necessary t o  determine the a b s o r p t i o n  c h a r a c t e r i s t i c s  of t h i s  
p a r t i c u l a r  carbon found i n  rocke t  motors.  The s i z e  of t h e  carbon 
p a r t i c l e s  must a l s o  be known t o  determine the e f f e c t  of s c a t t e r i n g  on 
the  h e a t  t r a n s f e r .  Studies  were i n i t i a t e d  t o  determine the  emission 
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c h a r a c t e r i s t i c s  and s i z e  d i s t r i b u t i o n  of t h e  carbon p a r t i c l e s .  The 
s p e c t r a l  e m i s s i v i t y  of carbon c louds ,  produced a t  t h e  e x i t  plane of 
small r o c k e t  motors burning RP-1 and gaseous oxygen, w a s  measured and 
compared with t h e o r e t i c a l  c a l c u l a t i o n s .  The r o c k e t  motors f o r  t h i s  
s tudy  used Foelsch-type nozz le s .  These nozzles  produced a n  approxi-  
mately cons t an t  temperature and v e l o c i t y  a c r o s s  t h e  e x i t  p l ane .  The 
t h r e e  motors used were wi th  i d e n t i c a l  i n j e c t o r s ,  combustion chambers, 
and nozzle  contours as f a r  as the  t h r o a t  s e c t i o n .  The d ive rg ing  sec -  
t i o n s  of the nozzles  were d i f f e r e n t  and expanded the  combustion products  
t o  area r a t i o s  of 5 .25 ,  3 .0 ,  and 1.5.  I n  t h i s  manner, a t  a g iven  mixture  
r a t i o  and chamber p re s su re ,  carbon formed i n  a given amount under iden- 
t i c a l  condi t ions was s tud ied  a t  t h r e e  d i f f e r e n t  temperatures .  The pro- 
d u c t  of t h e  carbon mass f r a c t i o n ,  Yc,  and the carbon c loud ' s  s p e c t r a l  
a b s o r p t i o n  c o e f f i c i e n t ,  K A , ~ ,  has been determined f o r  wave l eng ths  
between 1 and 4 p  and temperatures between 1000 and 2600°K. The s p e c t r a l  
dependence of K A , ~ ,  f o r  temperatures below 1700"K, is  i n  reasonably good 
agreement with the c a l c u l a t i o n s  of S t u l l  and P l a s s  [14] based on the  D . C .  
conduc t iv i ty  of bulk g r a p h i t e  and a p p r o p r i a t e  t o  ve ry  small p a r t i c l e s  
( f i g u r e s  11 and 1 2 ) .  S e t t i n g  KhYc p ropor t iona l  t o  and independent 
of temperature i s  a l s o  c o n s i s t e n t  w i t h  the  p re sen t  da ta  below 1750°K. 
However, f o r  temperatures above 17CO"K, KA, ,  appears  t o  be almost inde- 
pendent of the wavelength. Apparent v a l u e s  of carbon mass f r a c t i o n ,  
determined from t h e  combination of c a l c u l a t i o n  and experiments , decreased 
v e r y  s t r o n g l y  w i t h  inc reas ing  O/F r a t i o s  and increased w i t h  i n c r e a s i n g  
chamber p re s su re .  The carbon p a r t i c l e s  have a l s o  been sampled i n  t h e s e  
small rocke t  motors and i n  a f u l l - s i z e d  F-1 engine (see f i g u r e  18) .  
Figure 1 3  i n d i c a t e s  a n  approximate s i z e  of 400 A ,  
w e l l  w i t h  the c a l c u l a t i o n s  of S t u l l  and P l a s s .  We thus have the absorp-  
t i o n  c o e f f i c i e n t s  f o r  carbon p a r t i c l e  c louds,  and s i n c e  t h e  s i z e  of t he  
p a r t i c l e s  i s  small compared t o  t h e  wavelengths a s s o c i a t e d  w i t h  the 
r a d i a n t  energy i n  an exhaust plume, t h e  e f f e c t  of s c a t t e r i n g  on the  h e a t  
t r a n s f e r  does no t  have t o  be considered.  

which ag rees  q u i t e  

V I I .  RADIANCE CALCULATION FOR INHOMOGENEOUS ROCKET EXHAUSTS 

Two r a d i a t i v e  h e a t  t r a n s f e r  computer programs have been w r i t t e n  t o  
p r e d i c t  r a d i a t i o n  from exhaust  plumes. These programs d i f f e r  only i n  
geometr ic  cons ide ra t ions ,  and the  l e s s  complex of the  two, which computes 
r a d i a t i o n  from an axisymmetric exhaust  plume, i s  descr ibed i n  t h i s  paper.  
The o t h e r  program is similar b u t  more geomet r i ca l ly  complex because i t  
w a s  developed t o  c a l c u l a t e  t he  r a d i a t i o n  from a three-dimensional flow 
f i e l d  such a s  t h a t  encountered w i t h  c l u s t e r e d  r o c k e t  engines .  

14 

. 



Y 

The computer programs use a modified Curtis-Godson approximation 
i n  t h e  well-known r a d i a t i v e  h e a t  t r a n s f e r  equat ion.  
c a l c u l a t i o n ,  t he  i n t e g r a l  h e a t  t r a n s f e r  equat ion i s  replaced by sums,  
over d i s c r e t e  l o c a l l y  homogeneous r eg ions .  The band model parameters 
used i n  these  programs a r e  over 25 cm'l increments.  

For purposes of 

The geometry of t he  axisymmetric program is shown i n  f i g u r e  14. 
The l e f t -hand  coordinate  system for  t he  plume flow f i e l d  has the Z-axis 
a t  t he  flow f i e l d  c e n t e r l i n e  with +Z i n  t h e  downstream d i r e c t i o n  The 
X-Y plane corresponds t o  the o r i g i n  of the flow f i e l d  used (usua l y  the  
nozzle  e x i t ) ,  and the X-Y axes a r e  o r i e n t e d  s o  t h a t  the p o i n t  of i n t e r e s t  
is i n  the  X-Z plane.  The p o i n t  of i n t e r e s t  is  the o r i g i n  of a r gh t -  
hand coordinate  system w i t h  axes U ,  V,  and W. The +W-axis is  t h e  outward 
normal t o  the  s u r f a c e  of t he  u n i t  a r e a  r e c e i v i n g  r a d i a t i o n ,  and the  U-axis 
is  constructed t o  i n t e r s e c t  the Z-axis a t  some p o i n t  ( t h i s  w i l l  be 00 i f  
the  axes a r e  p a r a l l e l ) .  
clockwise r o t a t i o n  of t he  +W-axis when viewed from Y = -w .  

The p o s i t i v e  U d i r e c t i o n  is  t h a t  given by a 90" 

Since the  U - V  plane coincides w i t h  t h e  X-Z p l ane ,  t h e  l o c a t i o n  and 
o r i e n t a t i o n  of t h e  p o i n t  of i n t e r e s t  are s p e c i f i e d  by Z and X coord ina te s  
and an  a n g l e  of i n c l i n a t i o n  a. 
w i s e  when viewed from V = -a be.tween a v e c t o r  V p a r a l l e l  t o  and i n  the  
same d i r e c t i o n  as the +Z-axis and the  +W-axis. 

This i n c l i n a t i q  a n g l e  is measured clock- 

The s p h e r i c a l  coord ina te  system used i n  computing the  r a d i a t i o n  has 
i t s  o r i g i n  a t  the p o i n t  of i n t e r e s t .  The l i n e  af s i g h t ,  or  r a d i u s  v e c t o r ,  
is  R ,  and 8 is  the  ang le  between J and the +W-axis. The angle  between 
the  p r o j e c t i o n  of R i n  t he  U-V plane and the +U-axis i s  @. 

To compute the r a d i a t i o n  f l u x  pe r  u n i t  a r e a ,  G/A, t he  computer pro- 
gram uses cons t an t  va lues  of ne, @, A?, and @J between the  p re sc r ibed  
i n i t i a l  and f i n a l  values  i n  eva lua t ing  t h e  summation 

The summation of the t r a n s m i s s i v i t y ,  T ~ ,  begins  wi th  T ~ = ~  = 1 and i n  
subsequent increments uses 

0 

15 



where the  o p t i c a l  pa th ,  D ,  t ak ing  i n t o  account  bo th  D o p p l e r -  and col- 
l i s  ion-broadening, i s  given by 

and 

F = I ? P L & .  

For c o l l  is  ion-broadened 1 ines  , 

f D c  = i F  

0 0 
il + 

and f o r  Doppler-broadened l i n e s ,  

0 I 
i 

- F  d 
0 

f D D  = 

0 

R -  
1.7y 2 F 

L 
0 

L 0 

P 0 

0 

] T I 2 .  

. 
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A t  the cen te r  of each A.l increment a long each l i n e  of s i g h t ,  t he  
p o s i t i o n  i n  the flow f i e l d  i s  computed, and the p r o p e r t i e s  a t  t h a t  p o i n t  
a r e  determined from the t abu la t ed  flow f i e l d  p r o p e r t i e s  by l i n e a r  i n t e r -  
p o l a t i o n .  This provides an est imate  of t he  p re s su re ,  P ,  temperature ,  T ,  
and concen t r a t ion ,  C y  a t  t h a t  po in t ,  f o r  u s e  i n  the radiance c a l c u l a t i o n .  
The p res su re  i s  converted t o  a temperature-corrected pa r t i a l  p re s su re  
( a c t u a l l y  a d e n s i t y  r a t i o ) ,  using 

4 

p' = - 273 ( P / l  ATM) C .  
w T  

c 

A t a b l e  of a b s o r p t i o n  c o e f f i c i e n t s  l i s t e d  f o r  t h e  exac t  va lues  of wave- 
l e n g t h  used i n  the  program a n d  s e v e r a l  temperatures is used t o  determine 
t h e  e f f e c t i v e  abso rp t ion  c o e f f i c i e n t s  by l i n e a r  i n t e r p o l a t i o n  i n  tem- 

, and l / d  a r e  determined using r e l a t i o n s  p e r a t u r e .  The va lues  of y 
l i s t e d  i n  Table 11. Now a 1 o the va lues  a r e  a v a i l a b l e  f o r  e v a l u a t i n g  
a s t e p  i n  the  inner  summation of equat ion (22) ,  and the  procedure is 
r epea ted  a t  the c e n t e r  of succeeding A8 increments u n t i l  t he  maximum 
d i s t a n c e ,  R f ,  is  reached. To save time i n  sea rch ing  the flow f i e l d ,  t he  
inne r  sum of equat ion (22) i s  s imultaneously evaluated f o r  300 wave 
number va lues .  This i s  s u f f i c i e n t  t o  cover the s p e c t r a l  range of i n t e r -  
e s t  i n  most problems s o  t h a t  each l i n e  of s i g h t  has t o  be t r ave r sed  only 
one time . 

fiY Y f  

To account f o r  blockage of r a d i a t i o n  along p a r t i c u l a r  l i n e s  of 
s i g h t  by the engine nozzles and v e h i c l e  s t r u c t u r e ,  the program has the 
c a p a b i l i t y  of providing up t o  50 "blocking c i r c l e s . "  These can be 
l o c a t e d  anywhere i n  the  flow f i e l d  i n  planes normal t o  the  Z-axis and 
can be e i t h e r  a d i s k  which would block l i n e s  of s i g h t  passing the  plane 
w i t h i n  the c i r c l e  or  a ho le  which would block l i n e s  of s i g h t  passing the  
plane o u t s i d e  the c i r c l e .  Using t h e s e  blocking c i r c l e s  an  engine con- 
t o u r  can be approximated as a s t a c k  of "d i sks , "  and a s t r u c t u r e  such as 
an  i n t e r s t a g e  s k i r t  can be approximated as a s t a c k  of "holes ."  

V I I I .  APPLICATIONS 

The r a d i a t i o n  computer program r e s u l t s  are now being compared w i t h  
v a r i o u s  r a d i a t i o n  measurements ; one of t h e s e  comparisons f o r  which pre-  
l imina ry  r e s u l t s  a r e  a v a i l a b l e  i s  desc r ibed .  The r a d i a t i o n  measurement 
w a s  made during a t e s t  of a du ra t ion  model r o c k e t  a t  Cornel1 Aeronaut ical  
Laboratory.  

1 7  



The s h o r t  d u r a t i o n  r o c k e t  t e s t i n g  technique uses nonsteady flow 
techniques with gaseous p r o p e l l a n t s  t o  provide s t e a d y  f low model r o c k e t  
f i r i n g s  on the o rde r  of 5 t o  10 m i l l i s e c o n d s .  The s h o r t  t e s t  time al lows 
h igh  a l t i t u d e  s imula t ion  and e l i m i n a t e s  the  need f o r  nozzle  cool ing 
s ys tems . 

1 

Shor t  du ra t ion  models of two F-1 engines (1/45 s c a l e )  were used i n  
t h e  r a d i a t i o n  measurement program. The c o n f i g u r a t i o n  of the models 
s imulated the engine spacing between the  c e n t e r  and outboard engines 
on the  S a t u r n  S - I C  s t a g e .  The Warner and Swasey Model 501 f a s t - scann ing  
spectrometer ,  which w a s  used f o r  making the  s p e c t r a l  measurements, is  
capable  of making a s p e c t r a l  s can  i n  1 mi l l i s econd  w i t h  a 0.25 m i l l i -  
second i n t e r v a l  between scans.  It uses two de tec to r s , and  the two chan- 
n e l s  of output  are presented on o s c i l l o s c o p e s  and photographed. Since 
t h e r e  is no a b s o l u t e  wavelength r e f e r e n c e  i n  the  d a t a  p r e s e n t a t i o n ,  
i t  m u s t  be f ixed by the  s p e c t r a l  f e a t u r e s .  Therefore ,  s l i g h t  wave- 
l e n g t h  d i sc repanc ie s  i n  the  comparisons presented should be i n t e r p r e t e d  
as u n c e r t a i n t y  i n  the data r educ t ion  r a t h e r  than a c t u a l  comparative 
d i f f e r e n c e s .  

The r a d i a t i o n  measurements made i n  the regions i n d i c a t e d  i n  f i g -  
ure  15 have been compared f o r  t h e  F-1 engine a t  p o s i t i o n s  1 and 5.  The 
spectrometer  f i e l d  of view a t  the plume used during the  t e s t s  w a s  
approximately 0.8 in .  high and 0.25 i n .  long. No comparisons have been 
made i n  t h e  impingement r eg ion  between engines because methods f o r  pre-  
d i c t i n g  the  three-dimensional flow f i e l d  i n  t h i s  r e g i o n  have n o t  y e t  
been pe r fec t ed .  

The p red ic t ed  flow f i e l d  p r o p e r t i e s  and r a d i a t i o n  f o r  t h e  F-1 
engine a r e  compared i n  f i g u r e s  16 through 19. The comparisons a r e  
e x c e l l e n t  except f o r  a s l i g h t  wavelength discrepancy i n  the  long wave 
l e n g t h  channel which i s  a t t r i b u t e d  t o  u n c e r t a i n t y  i n  the  d a t a  r e d u c t i o n  
procedure described previously.  

IX.  CONCLUSIONS 

An improved method f o r  c a l  cu la  t ing r a d i a t i v e  h e a t  t r a n s  f e r  through 
inhomogeneous, Saturn- type exhaust plumes, has been developed. This 
c a l c u l a t i o n  method u s e s  a band model approach i n  r e p r e s e n t i n g  the  
a b s o r p t i o n  and emission c h a r a c t e r i s t i c s  of t h e  exhaust g a s e s .  A modi- 
f i e d  Curtis-Godson approximation i s  used i n  the  r a d i a t i v e  h e a t  t r a n s f e r  
c a l c u l a t i o n s  which e f f e c t i v e l y  average the  band model parameters over 
t h e  inhomogeneous path.  This technique has been shown t o  be a c c u r a t e  
f o r  s t r o n g  g rad ien t s  i n  temperature and concen t r a t ion .  It has been 
shown t h a t  the d i f f e r e n c e  between the  measured inhomogeneous t r a n s -  
mi t t ance  and t h a t  c a l c u l a t e d  by the  modified Curtis-Godson approximation 

18 



w a s  w i t h i n  the experimental  e r r o r  and w a s  no t  g r e a t e r  than .02. These 
band model parameters should be completely determined by November 1967.  
An improved s e t  of S/d va lues  have been obtained f o r  H20, C02, and CO. 
A f i r s t  s e t  of y l d  values have been obtained f o r  t hese  gases .  
f i r s t  s e t  of band model parameters i s  used i n  the  r a d i a t i v e  h e a t  t r a n s -  
f e r  program. A t  t h i s  time ve ry  l i t t l e  experimental  da ta  a r e  a v a i l a b l e  
f o r  comparison wi th  the c a l c u l a t i o n s .  A s  flow f i e l d  da ta  improve, com- 
pa r i sons  between experiment and c a l c u l a t i o n  should be much more f avorab le .  
Extensive flow f i e l d  work is now i n  progress .  Other improvements w i l l  
come from r e f i n e d  va lues  of the f i n e  s t r u c t u r e  parameters,  p a r t i c u l a r l y  
the  dependence of y l d  on temperature and wave number a t  long p a t h  l eng ths .  
The mass abso rp t ion  c o e f f i c i e n t  of carbon as a f u n c t i o n  of frequency and 
temperature has been determined, using a s m a l l  p e r f e c t l y  balanced r o c k e t  
nozzle .  These da ta ,  a long w i t h  sampling da t a ,  show t h e  carbon t o  ag ree  
w i t h  the  theory of S t u l l  and P la s s .  A three-dimensional method of 
c h a r a c t e r i s t i c s  program and a f i n i t e  d i f f e r e n c e  technique are being 
developed t o  p r e d i c t  gas p rope r t i e s  i n  the impinging regions of the 
exhaust plumes of t he  Sa tu rn  V. 

This 
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TABLE I11 

- From From 
T 

E q .  (17) Eq. (19) Pl@) P2@) T 1  T2 

53 53 .720 ,729 .621 .628 .634 

102 105 .571 .566 ,425 .443 .450 

150 153 .438 .443 .284 .306 .314 

51 104 .743 .571 .515 .524 .530 

.435 .428 .724 .464 .419 

1 Two-Zone Water Vapor Transmittance a t  3990 cm- 

Opt ica l  Path: 24" per  zone 

T, = T, = 1273°K 

x, = x2 = 3.49 

Calculated 7 Measured I Transmittance 

TABLE I V  

Two-Zone Water Vapor Transmittance a t  3990 cm'l 

Opt ica l  Path: 24" per cone 

T, = T, = 637°K 

x1 = x2 = 2.53 

Calculated 't Measured 
Transmittance 
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TABLE V 

.853 

c 

.960 -840 .836 

Two-zone Water Vapor Transmittance a t  3990 cm'l 

Opt ica l  Path: 8" per zone 

T, = 1273°K T, = 637°K 

x1 = 1 .16  x, = 0.84 

TABLE V I  

Two-Zone Water Vapor Transmittance a t  3990 cm'l 

T1 = 1273°K T 2  = 637°K 

jl = 8" 

x1 = 1.16 

R2 = 1.5" 

x2 = . 1 6  

50 

100 

150 

Calculated 3 Measured 
Transmittance 

.827 

.682 

.563 
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Pl(mm) 

49 

100 

151 

101 

148 

TABLE V I 1  

- From From 
Eq.  (17) Eq. (19) 

T2 T P2(mm) 21 

53 .745 . 7 1 1  .622 .630 .638 

104 .597 .503 .398 .414 ,424 

15 1 .443 .358 .247 .260 .270 

51  .573 . 7 2 2  .501 .518 .525 

52 .452 .710 .402 .415 .421 

Two-Zone Water Vapor Transmittance a t  3990 cm'l 

O p t i c a l  Path: 24" p e r  zone 

T, = 1273°K T, = 637°K 

x, = 3.49 x2 = 2.53 

, I i 

Calculated 't Measured 
Transmittance 
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FIGURE 1 1 .  ABSORPTION COEFFICIENT X MASS FRACTION VERSUS 
WAVELENGTH FOR CARBON PARTICLES AT VARIOUS 
TEMPERATURES 
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FIGURE 12. ABSORPTION COEFFICIENT X MASS FRACTION 
VERSUS WAVELENGTH FOR CARBON PARTICLES 
AT VARIOUS TEMPERATURES 
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P r o p e r t i e s  P r e d i c t e d  f o r  O 2 / C 2 H 4  P r o p e l l a n t s ,  O/F = 2 . 2 5 ,  
P , = I O O O  p s i a ,  P a =  9 .61  p s f a ,  a n d  E q u i l i b r i u m  C o m p o s i t i o n  
D u r i n a  E x D a n s i o n .  

M o l e  F r a c t i o n  
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R e m a i n i n g  G a s  Assumed t o  Be H 2  f o r  R a d i a t i o n  
C a l c u l a t i o n .  N o  C a r b o n  Was P r e d i c t e d  A l t h o u g h  
T r a c e s  o f  H, O H ,  H C O ,  a n d  C H 4  Were I n d i c a t e d .  
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FIG. 16. P R E D I C T E D  P R O P E R T Y  V A R I A T I O N S  
0.6 INCHES DOWNSTREAM OF A 1/45 SCALE F -1  ENGINE E X I T  
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Properties Predicted for 0 2 / C 2  H 4  Propel lants,  1 
O/F = 2.25, P, = 1000 psia,  Pa = 9.61 p s f a ,  

and Equil ibrium Composition During Expansion. 
Mole Fract ion 
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0.1 
R e m a i n i n g  Gas Assumed to B e  H 2  for  Radiation 
Calculat ion.  No Carbon Was Predicted Although 
Traces of H,  OH, HCO, and C H 4  Were Indicated. 
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FIG. 18. PREDICTED PROPERTY VARIATIONS 
9.94 INCHES DOWNSTREAM OF A 1/45 SCALE F - I  ENGINE EXIT 
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